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range of salinities through various morphological, physiological and behavioral modifications (28) .
Pioneering research by August Krogh, Homer Smith, and Ancel Keys in the 1930s provided a basic physiological model of how teleost fishes can overcome the contrasting osmotic and ionic challenges posed by freshwater and seawater environments (24, 26, 42) . In freshwater, fish must hyperosmoregulate via active uptake of ions at the gills and from dietary sources processed in the gastrointestinal tract (14, 47) . Additionally, freshwater fish have high glomerular filtration rates and urine production, while minimizing drinking rate and ion loss (34) . When euryhaline fish migrate from freshwater to seawater, they respond immediately to the changing osmotic conditions and begin to hypoosmoregulate via the initiation of drinking (5, 43) and an increased gastrointestinal uptake of ions to drive water absorption (41) . This coincides with an increased branchial excretion of excess monovalent ions and renal excretion of excess divalent ions to maintain salt balance (14, 42) . In addition, following the initial period of acute exposure (1-2 days) to seawater, the long-term hypoosmoregulatory capacity of euryhaline fishes is typically upregulated by increasing the expression and activity of branchial and intestinal Na ϩ /K ϩ -ATPase (17, 21) .
Although there is an impressive body of literature documenting the aforementioned changes in behavior and physiology of euryhaline fish at different environmental salinities, relatively little is known about the corresponding circulatory responses. In a recent study, we showed that 96 h after a transition to seawater, rainbow trout had increased gastrointestinal blood flow (GBF) approximately twofold, which highlights the importance of gastrointestinal perfusion for regulating osmotic homeostasis (5) . Increased GBF of fish in seawater is most likely necessary for transporting absorbed ions and water from the gastrointestinal tract (41) , but it may also be required to increase the supply of oxygen and nutrients to metabolically active gastrointestinal tissues (39) . Additionally, the increased GBF may also serve a function in the maintenance of acid-base balance via the removal of the intestinal acid load associated with osmoregulation in seawater (9, 46) . Be that as it may, the hemodynamic mechanisms underlying the increase in GBF of seawater-acclimating rainbow trout currently remain unknown. A previous study on rainbow trout acutely exposed to seawater used the Fick equation and estimated that cardiac output (CO) increased by 30%, primarily via an increase in cardiac stroke volume (SV) (27) . However, beyond the problems of estimating CO in fish with the Fick equation (15) , Maxime et al. (27) only examined circulatory responses for 24 h following seawater transfer. Therefore, it remains unresolved whether prolonged exposure to seawater results in a chronically elevated CO that may explain the increased gastrointestinal perfusion or whether there is also a redistribution of blood flow due to regional changes in vascular resistance.
While rainbow trout displayed an ϳ100% increase in GBF after 96 h of seawater exposure in our previous study (5) , the steady increase in GBF had not yet plateaued, and so whether GBF remains elevated when fish are given sufficient time to acclimate to seawater is currently unknown (5) . This is of fundamental interest, as other bodily functions, such as the processing and digestion of a meal, are also characterized by a clear gastrointestinal hyperemia with reported postprandial (after a meal) increases in GBF ranging from 71% in sea bass (Dicentrarchus labrax) (1) up to 156% in rainbow trout (18) . Thus, differences in preprandial (before a meal) gastrointestinal perfusion between freshwater-and seawater-acclimated fish may affect the capacity to further increase GBF after a meal, which, in turn, may have implications on the transportation of absorbed nutrients, oxygen delivery to gastrointestinal tissues, and acid-base regulation during digestion (39, 46) .
Seawater acclimation in euryhaline fishes has been suggested to be potentially energetically costly (28) . However, available literature on the relationship between water salinity and energy expenditure is conflicting, with no universal trend among species (12) . Even within species such as rainbow trout, results are conflicting, with some studies showing an increased resting oxygen consumption rate (Ṁ O2 ) after several weeks in seawater (30, 35) , whereas we found no change in resting Ṁ O2 after 96 h in seawater (5) . While this disparity may be due to the different temporal resolutions of the studies, few studies have examined metabolic responses in euryhaline fishes with respect to duration of seawater exposure (12) . Furthermore, despite the aforementioned implications of altered metabolism and elevated GBF on the physiological responses to feeding in seawater, the metabolic responses to feeding (i.e., the specific dynamic action, or SDA) has to our knowledge not been compared in euryhaline fish feeding at different salinities (29, 37) . Indeed, one of the most extensive reviews written on the subject highlighted the need for more information on the effects of environmental salinity on SDA in fishes (29) .
The overall aim of the present study was to examine the long-term effects of seawater acclimation on preprandial and postprandial cardiorespiratory function in rainbow trout. Specifically, by directly recording CO and GBF using implanted blood flow probes, we examined the hemodynamic mechanisms underlying the relative changes in gastrointestinal blood perfusion observed in our previous study (5) . We hypothesized that if the short-term increase in GBF observed previously during an acute transition to seawater is an essential modification for maintaining osmotic homeostasis, then GBF would also remain elevated in trout fully acclimated to seawater. Additionally, we hypothesized that seawater-acclimated trout would be able to further increase gastrointestinal perfusion after feeding and display a similar SDA response, as this was predicted to be necessary for long-term survival and growth at sea.
METHODS
Experimental animals and holding conditions. Rainbow trout (Oncorhynchus mykiss L.) were obtained from a local hatchery (Antens Laxodling AB, Alingsås, Sweden). Freshwater-(n ϭ 13; body mass: 627 Ϯ 22 g) and seawater-acclimated trout (n ϭ 10; body mass: 648 Ϯ 49 g) were held at 10 -11°C in 1,000-liter tanks containing either recirculating, aerated freshwater [salinity 0.1 ppt; pH 7.8; conductivity 270 S/cm; (ions) Na ϩ 6, K ϩ 0.2, Ca 2ϩ 0.5 mmol/l] or artificial seawater [salinity: 30 -33 ppt; pH: 7.6 -8.0; conductivity: 47-52 mS/cm; (ions) Na ϩ 420 -520, K ϩ 5-6, Ca 2ϩ 7-9 mmol/l; source of artificial sea salt (Grotech, Ahorn, Germany)]. The animals were held under these conditions on a 12:12-h light-dark photoperiod for at least 6 wk prior to experimentation. They were fed once a week with dry commercial trout pellets (9-mm Protec Trout pellets, Skretting, Stavanger, Norway). Animal care and experimental procedures were performed in accordance with the guidelines and regulations set by our ethical permit (167-2013), approved by the ethical committee on animal research in Gothenburg, Sweden.
Surgical procedures and instrumentation. Fish were fasted for 1 wk prior to surgery. Individual fish were anesthetized in freshwater or seawater (10°C) depending on their acclimation salinity, containing 100 mg/l MS222 [ethyl-3-aminobenzoate methanesulfonic acid (Sigma-Aldrich, St. Louis, MO)] buffered with 200 mg/l NaHCO 3. Length and mass were determined prior to placing the fish on an operating table covered with soft, water-soaked foam. To maintain anesthesia, the gills were continuously supplied with aerated water containing 75 mg/l MS222 buffered with 150 mg/l NaHCO 3 at 10°C.
To measure CO, the ventral aorta was carefully dissected free, ensuring that the pericardium and nearby nerves and blood vessels remained intact. A 2.5-mm Transonic transit-time blood flow probe (L type; Transonic Systems, Ithaca, NY) was fitted around the vessel (44) . The flow probe was secured with silk sutures to the skin near the area of placement and in front of the dorsal fin.
GBF was measured in the coeliacomesenteric artery, which is the first caudal branch of the dorsal aorta that divides progressively to supply the stomach, intestine, liver, and gonads (39) . To access this artery, the fish was placed on its left side, and a ϳ25-mm incision was made ventrodorsally from the base of the pectoral fin (40) . The vessel was dissected free using blunt dissection, ensuring that surrounding blood vessels and nerves remained intact. Another 2.5-mm Transonic transit-time blood flow probe (B type) was placed around the vessel, ϳ10 mm proximal to the bifurcation from the dorsal aorta (40) . All Transonic blood flow probes were calibrated at 10°C by the manufacturer. Once the flow probes were positioned, the leads were secured to the skin with 3.0 braided silk sutures (this suture material ensures that the leads are securely fastened to the skin; Vömel, Frankfurt, Germany), and the incision was closed with interrupted stitches using monofilament 3.0 Prolene sutures (this suture material prevents the wicking effect seen in braided material and, thus, minimizes the chance of infection; Ethicon, Somerville, NJ).
Experimental protocol. Following surgery, fish were individually placed into one of two identical custom-made Perspex respirometers (10.00 Ϯ 0.01 l), which were submerged in a larger experimental tank with recirculating aerated freshwater or seawater at 10.0 Ϯ 0.1°C. Fish were allowed to recover from surgery for 24 h.
Following the recovery period, Ṁ O2 and cardiovascular variables (CO and GBF) were continuously recorded (see next section for details) for another 24 h to determine preprandial values during the day and night. Fish were then anesthetized in their respirometers with 100 mg/l MS222 buffered with 200 mg/l NaHCO3 until their righting reflex was lost. Fish were subsequently gavage-fed a meal consisting of dry commercial trout pellets equivalent to 1% of their body mass to examine the maximum postprandial cardiorespiratory response (10) . Cardiorespiratory recordings recommenced within 15 min after feeding and continued for a further 72 h as described above. At the end of the experiments, fish were removed from the respirometers and euthanized with a sharp cranial blow.
Data acquisition and calculation of cardiorespiratory variables. Best practices for intermittent-flow respirometry were used to measure Ṁ O2 (8) . Briefly, the partial pressure of oxygen in the water within the respirometer was measured continuously at 1 Hz using a FireSting O2 system (PyroScience, Aachen, Germany). Automated flush pumps refreshed the water in the respirometers for 25 min every 30-min period. The slope of the decline in the partial pressure of oxygen in the water within the respirometers between flush cycles (i.e., when the respirometer was closed) was then used to calculate Ṁ O2 using the following formula:
where Vr is the volume of the respirometer, Vf is the volume of the fish (assuming that the overall density of the fish is 1 g/ml of tissue; thus, V f ϭ mass of the fish, Mf), ⌬CwO2 is the change in the oxygen concentration of the water within the respirometer (C wO2 is the product of the partial pressure and capacitance of oxygen in the water, the latter being dependent on salinity and temperature), and ⌬t is the time during which ⌬C wO2 is measured (8) .
Preprandial (i.e., the 24-h period prior to gavage feeding, separated into 12-h periods to calculate values for day and night) and postprandial Ṁ O2 (i.e., every 12 h during the 72-h period following gavage feeding) were calculated for each fish as the mean of the lowest 10% of Ṁ O2 measurements recorded during the respective periods where the fish were left undisturbed. Outliers, which were considered to be Ͼ2 SD below the mean of the lowest 10% of values, were excluded from the analysis. SDA was calculated by plotting the entire postprandial Ṁ O2 curve against time (for 72 h) for each individual and polynomial trend lines (2nd or 3rd order depending on which trend line had the best fit) were fitted to the curves. The area beneath the curve and above the preprandial level of Ṁ O2 was then integrated for each individual fish to determine SDA (see Refs. 23 and 29).
CO and GBF were measured by connecting the blood flow probes to a three-channel Transonic blood flow meter (model T206; Transonic Systems, Ithaca, NY). All signals were relayed to a PowerLab 8/30 system (ADInstruments, Castle Hill, Australia), and data were collected on a PC using ADInstruments acquisition software Chart 7 Pro v7.2.5, at a sampling rate of 10 Hz. For each individual, preprandial cardiovascular variables were determined during the day and night by taking the values corresponding with preprandial Ṁ O2 values. Heart rate (HR) was determined from the pulsatile blood flow traces, and SV was calculated by dividing CO with HR. The proportion of CO entering the gastrointestinal tract was calculated by dividing GBF with CO. Typically, two fish were run simultaneously during an experimental trial. Because of limitations in the number of available blood flow channels, both CO and GBF were recorded simultaneously in some individuals, whereas only GBF was recorded in other individuals. This resulted in unequal sample sizes for both measured (i.e., CO and GBF) and calculated variables (i.e., SV and proportion of CO directed to the gastrointestinal tract).
The peak postprandial GBF response for each individual was determined by calculating the average GBF at the peak of the response for 1.5 h (i.e., maximum GBF after feeding) (18) . The average of the corresponding cardiorespiratory variables (i.e., peak postprandial Ṁ O2, CO, HR, SV, and proportion of CO directed to the gastrointestinal tract) were then calculated for each individual from their respective values measured during this period (see Table 1 ). We chose to report values at maximum GBF for each individual instead of at a fixed time after feeding due to the great individual variability in the postprandial blood flow response (apparent in our raw traces), which has also been previously documented (18) and is most likely due to a similar variability in gastric emptying time in rainbow trout (33) . Because of a combination of mortality (see DISCUSSION) and loss of GBF signal (i.e., displacement of flow probes), maximum postprandial responses of six freshwater-and four seawater-acclimated individuals are reported here.
Statistical analysis. Statistical analyses were performed using SPSS Statistics 21 (IBM, Armonk, NY). All data subjected to statistical analyses were assessed for normality (Shapiro-Wilk's test, P Ͼ 0.05) and homogeneity of variance (Levene's test, P Ͼ 0.05). For the analysis of preprandial Ṁ O2 and the corresponding cardiovascular variables, we used a linear mixed model with an unstructured covariance structure, as this was determined to be the best fit according to Akaike's Information Criterion corrected for finite sample sizes. The model used individual fish as subjects and contained "day and night" as a within-subject factor (i.e., Diel effect: fixed factor, two levels: day and night), "salinity" as a between-subject factor (i.e., Salinity effect: fixed factor; two levels: freshwater and seawater acclimation), and the interaction between these factors (i.e., Interaction). For the analysis of postprandial changes in GBF and Ṁ O2, we used the same linear mixed model as above, with the exception that the within-subject factor (previously "day and night") was replaced with "prefeeding" and "postfeeding" for GBF and "time after feeding" for Ṁ O2 (i.e., feeding effect). An unpaired Student's t-test was used to compare the SDA of freshwater-and seawater-acclimated fish. F and P values obtained from the model are reported throughout the text, with significance defined at P Ͻ 0.05. P values were adjusted for multiple testing using the Holm-Bonferroni method (22) . Unless otherwise specified, all data are presented as means Ϯ SE. (Fig. 1A) . Diel patterns in preprandial Ṁ O2 were similar in both acclimation groups with significantly lower rates during the night (Diel effect: F 1,22 ϭ 14.13, P ϭ 0.001).
RESULTS

Preprandial cardiorespiratory status of freshwater-and
Consistent with the effects of salinity on preprandial Ṁ O2 , CO of seawater-acclimated trout was significantly higher than in the freshwater-acclimated fish (Salinity effect: F 1,12 ϭ 5.601, P ϭ 0.036), but no clear diel patterns were evident (Fig.  1B) . Seawater-acclimated trout tended to display an elevated SV, a trend that was close to significant (Fig. 1C , Salinity effect: F 1,12 ϭ 3.69, P ϭ 0.079), while HR did not significantly differ between the acclimation groups (Fig. 1D , Salinity effect: F 1,21 ϭ 1.21, P ϭ 0.284). Nonetheless, a clear diel pattern in HR was evident in both acclimation groups, as HR was significantly higher during the day than at night (Diel effect: F 1,21 ϭ 45.52, P Ͻ 0.001, ϳ60 vs. ϳ50 beats/min, respectively).
Preprandial gastrointestinal perfusion in freshwater and seawater. Fish acclimated to seawater had a significantly elevated GBF compared with the freshwater-acclimated group ( Fig. 2A, Salinity effect: F 1,19 ϭ 133.50, P Ͻ 0.001), and diel changes in GBF significantly differed depending on the acclimation salinity of the fish (Interaction: F 1,19 ϭ 6.91, P ϭ 0.017). In seawater-acclimated trout, GBF increased from 8.6 Ϯ 0.4 ml·min Ϫ1 ·kg Ϫ1 during the day to 10.3 Ϯ 0.5 ml·min Ϫ1 ·kg Ϫ1 at night, whereas freshwater-acclimated individuals maintained a constant GBF of ϳ4 ml·min Ϫ1 ·kg
Ϫ1
during the entire 24-h period ( Fig. 2A) . The elevated GBF in seawater-acclimated trout was a combined effect of higher CO (Fig. 1B) and an increase in the proportion of CO directed to the gastrointestinal tract (Fig. 2B , Salinity effect: F 1,10 ϭ 7.67, P ϭ 0.020). The proportion of CO directed to the gastrointestinal tract also tended to be slightly higher during the night in both groups (Fig. 2B , Diel effect: F 1,10 ϭ 4.31, P ϭ 0.065).
Postprandial changes of cardiorespiratory variables. Feeding significantly increased GBF in both acclimation groups by ϳ3-4 ml·min Ϫ1 ·kg Ϫ1 (Fig. 3 , Feeding effect: F 1,8 ϭ 23.72, P ϭ 0.001), which meant that the peak postprandial GBF of seawater-acclimated trout was significantly higher than freshwater-acclimated trout (Fig. 3 , Salinity effect: F 1,8 ϭ 22.03, P ϭ 0.002). The increase in postprandial GBF for both acclimation groups appeared to be due to a combined effect of (Table 1) .
In both acclimation groups, Ṁ O2 increased significantly following feeding (Fig. 4A , Feeding effect: F 6,10 ϭ 20.56, P Ͻ 0.001), although the Ṁ O2 of seawater-acclimated trout remained significantly higher than that of freshwater-acclimated fish throughout the postprandial period (Fig. 4A , Salinity effect: F 6,10 ϭ 8.74, P ϭ 0.014). Postprandial Ṁ O2 remained significantly elevated for 60 h in both groups compared with preprandial Ṁ O2 (12 h: P Ͻ 0.001, 24 h: P ϭ 0.001, 36 h: P ϭ 0.002, 48 h: P ϭ 0.003, 60 h: P ϭ 0.001), whereafter it decreased and approached preprandial levels at 72 h (72 h: P ϭ 0.07). The SDA response of ϳ1 g O 2 /kg in freshwater-and seawater-acclimated trout did not significantly differ (Fig. 4B,  t 1,10 ϭ 0.56, P ϭ 0.588).
DISCUSSION
Circulatory responses to seawater acclimation. This is the first study comparing absolute GBF from a euryhaline fish species acclimated to either freshwater or seawater. We show that rainbow trout acclimated to freshwater have an average preprandial GBF of ϳ4 ml·min Ϫ1 ·kg Ϫ1 , which is similar to a previous study on GBF in freshwater-acclimated trout (11) . In our previous study on rainbow trout using Doppler flow probes, which only allowed relative flow measurements, GBF of rainbow trout started to increase after ϳ2 days of seawater exposure and had doubled compared with freshwater values after 4 days (5). In the present study, GBF of long-term (Ͼ6 wk) seawater-acclimated trout was ϳ8 -10 ml·min Ϫ1 ·kg Ϫ1 , which is approximately twice as high as GBF recorded in freshwater (ϳ4 ml·min Ϫ1 ·kg Ϫ1 ), indicating that the level of gastrointestinal perfusion observed in the previous study had most likely reached an upper plateau after 4 days. The longterm responses reported here suggest that elevated gastrointestinal perfusion is essential for the hypoosmoregulatory capacity of euryhaline fish in seawater, most likely to transport absorbed ions and water from the gastrointestinal tract, and potentially to increase the delivery of oxygen and nutrients to gastrointestinal tissues, while alleviating the elevated intestinal acid load associated with osmoregulation in seawater (5, 9, 39, 41, 46) .
An area that warrants further investigation is to individually quantify the changes in blood flow through the coeliac (supplies the stomach and liver) and mesenteric (supplies the intestine) arteries of euryhaline fish transitioning to seawater. Temporal differences between coeliac and mesenteric arterial blood flow have previously been observed postprandially in various fish species, and the differences in regional GBF have been suggested to follow the time-dependent passage of food through the gastrointestinal tract (i.e., the hyperemia is mainly localized to parts of the tract containing food) (2, 3) . Since the intestine performs the majority of the active osmoregulatory processes in the gastrointestinal tract (21) , one may expect that the majority of the increase in GBF would be directed to this part of the gastrointestinal tract, which would add even more significance to the relative role of the intestine during seawater acclimation.
Hemodynamic mechanisms of gastrointestinal hyperemia in seawater. The elevated GBF in seawater-acclimated trout is due to a combination of increased CO (mediated by increased SV) and an increased proportion of blood flow directed to the gut, which suggests local vasodilation of the gastrointestinal vasculature following seawater acclimation. Strikingly, the elevated CO in seawater-acclimated trout compared with freshwater-acclimated individuals (3.7 and 7.0 ml·min Ϫ1 ·kg
Ϫ1
higher during day and night, respectively) closely matched the elevations in GBF in seawater-acclimated trout (4.2 and 6.1 ml·min Ϫ1 ·kg Ϫ1 higher during day and night, respectively). This finding further substantiates the importance of elevated gastrointestinal perfusion during seawater acclimation in euryhaline fish as the gastrointestinal tract received virtually all of the Sample sizes for freshwater-(n ϭ 6) and seawater-acclimated trout (n ϭ 4). GBF ϭ 12, GBF/CO ϭ 6) and seawater-acclimated trout (n: GBF ϭ 9, GBF/CO ϭ 6).
increase in CO in seawater-acclimated trout. Interestingly, Thorarensen et al. (44) noted that their recordings of CO in seawater-acclimated rainbow trout were 51% higher than in a previous study utilizing the same experimental setup with freshwater-acclimated rainbow trout (25) . They attributed these differences to the slight differences in water velocity to which the resting fish were exposed (25, 44) . In light of the present findings, it seems more likely that the water salinity was the primary cause for the differences in CO. In fact, CO of seawater-acclimated trout in the present study was on average 48% higher than in freshwater-acclimated trout during the night, which is very similar to the differences between seawater-and freshwater-acclimated trout documented by Thorarensen et al. (44) . The preprandial proportion of CO directed to the gastrointestinal tract of freshwater-acclimated rainbow trout in this study (ϳ30%) lies within the range reported for other fish species (39) . However, in seawater-acclimated trout the preprandial proportion of CO directed to the gastrointestinal tract was 44 and 48% (during the day and night, respectively), which is higher than any previously documented values for unfed fish (39) . An interesting conundrum that requires further investigation concerns the underlying neurohumoral and/or hemodynamic mechanisms that allow rainbow trout to increase CO via SV in seawater, even though blood volume and central venous blood pressure (i.e., cardiac filling pressure) are typically reduced in seawater-acclimated trout (32). While we can only speculate, it could be hypothesized that neural and/or endocrine factors involved in hypo-osmoregulation (e.g., ANG II) may have a role in stimulating cardiac contractility to increase the SV in seawater-acclimated trout (4) .
Metabolic implications of seawater acclimation. Preprandial Ṁ O2 is ϳ20% higher in seawater-acclimated rainbow trout. While increased energy expenditure of seawater-acclimated rainbow trout has been previously described (30, 35) , we found no evidence of changes in preprandial Ṁ O2 during the first 96 h of seawater exposure in our previous study (5) . As the fish were of similar size and sourced from the same hatchery in both of these studies, it suggests that the elevated preprandial Ṁ O2 recorded in the present study was due to a longer seawater acclimation period (i.e., 96 h vs. 6 wk). Thus, this suggests that, at least in rainbow trout, the acute physiological changes occurring during the first 96 h of exposure to seawater (e.g., principle increases in ion influx, drinking response, and circulatory changes) do not incur an additional energetic cost, as opposed to the more permanent regulatory changes that occur in fully acclimated animals, such as increased intestinal and branchial Na ϩ -K ϩ -ATPase activity (16, 36, 38) . Collectively, these findings emphasize that we need to exercise great caution when comparing the metabolic costs of osmoregulation at different stages of acclimation. Indeed, such temporal differences in energy expenditure could be a major contributor to the great variability in metabolic responses during seawater acclimation in previously published literature (see Ref. 12) .
Postprandial cardiorespiratory responses in freshwater and seawater. Both freshwater-and seawater-acclimated trout increased GBF by up to 3-4 ml·min Ϫ1 ·kg Ϫ1 following a meal corresponding to 1% body mass. These levels are slightly lower than those previously reported in rainbow trout (ϳ5 ml·min Ϫ1 ·kg Ϫ1 ), which is probably due to the larger meal size (2% of body mass) used in that study (11) . The observed increases in GBF and Ṁ O2 following feeding were expected, as absorbed nutrients need to be transported to specific sites for assimilation while additional oxygen may need to be supplied to metabolically active gastrointestinal tissues during digestion (39) . Although seawater-acclimated trout generally exhibited higher Ṁ O2 throughout the postprandial period compared with freshwater-acclimated fish, we found no evidence for differences in the metabolic costs associated with digestion at different environmental salinities, as the SDA response was similar and of relatively long duration (only after 72 h were values approaching preprandial values). However, this duration is typical of ectotherms digesting a meal at cold temperatures (29, 45) .
A limitation to our study was the high mortality rate in the seawater-acclimated group following gavage feeding (5/10 fish died in seawater vs. 1/13 fish in freshwater). Interestingly, all fish in both acclimation groups were voluntarily feeding until satiation prior to the experiments without any mortality. This indicates that gavage feeding had a greater negative impact on the survivorship of seawater-acclimated trout. The mechanism behind this observation is currently unknown, but recent studies have shown that seawater-acclimated trout exhibit a greater postprandial metabolic alkalosis compared with freshwateracclimated trout (6, 7). Moreover, as gavage feeding also results in a greater postprandial metabolic alkalosis (10), it is Data are presented as means Ϯ SE. Variables are oxygen consumption rate (Ṁ O2), cardiac output (CO), heart rate (HR), stroke volume (SV), and proportion of cardiac output directed to the gastrointestinal tract (GBF/CO) before and after feeding at 10.0 Ϯ 0.1°C. Preprandial and peak postprandial cardiorespiratory variables were calculated from the same time period used to determine the preprandial and peak postprandial GBF response, respectively (see METHODS) .
possible that our experimental protocol involving both gavage feeding and seawater acclimation may have resulted in a postprandial alkaline tide from which the seawater-acclimated trout were unable to recover. Indeed, Cooper and Wilson (10) suggested that neuroendocrine mechanisms involved with the anticipation of feeding in fish are crucial for initiating preparatory compensatory responses that regulate blood acid-base status during digestive processes. On the basis of the present findings, it could be speculated that this may be even more crucial for euryhaline fish acclimated to seawater. Thus, to further investigate these possibilities, future studies should record postprandial metabolic and circulatory responses of freely swimming and voluntarily feeding fish acclimated to different salinities using novel techniques such as blood flow biotelemetry (19, 20) .
Perspectives and Significance
In conclusion, our findings show that seawater acclimation results in a twofold increase in gastrointestinal blood perfusion in the euryhaline rainbow trout. The circulatory adjustments underlying the observed differences in gastrointestinal blood perfusion were due to an increased CO from elevated SV and likely a reduced gastrointestinal vascular resistance in seawater-acclimated trout, resulting in a greater proportion of CO being directed to the gastrointestinal tract. Despite elevated preprandial levels, seawater-acclimated trout were still able to further increase gastrointestinal perfusion following a meal, which is critical for the transportation of absorbed nutrients, supply of oxygen to metabolically active gastrointestinal tissues, and for playing a role in the maintenance of acid-base balance during digestion. The similar SDA response of freshwater-and seawater-acclimated trout in the present study suggests that environmental salinity does not significantly affect the metabolic costs associated with digestion. However, future investigations using free-swimming and voluntarily feeding fish are warranted to further characterize the SDA response of euryhaline fish acclimated to different salinities. Nonetheless, the novel findings presented in this study clearly demonstrate that euryhaline fish upregulate cardiovascular function in seawater, likely to maintain osmotic homeostasis and possibly acid-base balance, while retaining sufficient capacity for the metabolic and cardiovascular changes associated with the postprandial response.
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